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Lack of CCR2 Results in Increased Mortality and Impaired 
Leukocyte Activation and Trafficking Following Infection of 
the Central Nervous System with a Neurotropic Coronavirus’ 


Benjamin P. Chen,* William A. Kuziel,’ and Thomas E. Lane?** 


In the present study, we evaluated the role of CCR2 in a model of viral-induced neurologic disease. An orchestrated expression 
of chemokines, including the CCR2 ligands monocyte chemoattractant protein-1/CCL2 and monocyte chemoattractant protein- 
3/CCL7, occurs within the CNS following infection with mouse hepatitis virus (MHV). Infection of mice lacking CCR2 (CCR27’~) 
with MHV resulted in increased mortality and enhanced viral recovery from the brain that correlated with reduced (p = 0.04) T 
cell and macrophage/microglial (determined by F4/80 Ag expression, p = 0.004) infiltration into the CNS. Moreover, MHV- 
infected CCR2~’~ mice displayed a significant decrease in Th1-associated factors IFN-y (p = 0.001) and RANTES/CCLS5 (p = 
0.002) within the CNS as compared with CCR2*’* mice. Further, peripheral CD4* and CD8* T cells from immunized CCR27/— 
mice displayed a marked reduction in IFN-y production in response to viral Ag and did not migrate into the CNS of MHV-infected 
recombination-activating gene (RAG)1~‘~ mice following adoptive transfer. In addition, macrophage/microglial infiltration into 
the CNS of RAG1~’~ mice receiving CCR2~’~ splenocytes was reduced (p S 0.05), which correlated with a reduction in the 
severity of demyelination (p < 0.001) as compared with RAG1~’~ mice receiving splenocytes from CCR2*’* mice. Collectively, 
these results indicate an important role for CCR2 in host defense and disease by regulating leukocyte activation and 
trafficking. The Journal of Immunology, 2001, 167: 4585-4592. 


e have used a model of viral-induced neurologic dis- 

ease to better understand the contributions of chemo- 

kines and chemokine receptors in host defense and 
disease development within the context of the CNS. Intracerebral 
infection of susceptible mice with neuroadapted strains of mouse 
hepatitis virus (MHV),° a positive-strand RNA virus, results in an 
acute encephalomyelitis followed by a chronic demyelinating dis- 
ease similar to the pathology of the human demyelinating disease 
multiple sclerosis (1, 2). The collective evidence indicates that the 
immune response to MHV infection is critical in host defense as 
well as the development of demyelination (3-8). Both CD4~ and 
CD8* T lymphocytes are important in clearance of infectious virus 
from the brain during acute disease (4—7). In addition, recent stud- 
ies point to a role for T lymphocytes in contributing to macrophage 
infiltration and activation that leads to myelin destruction (7, 8). 
One mechanism through which T lymphocytes may accomplish 
this is the secretion of both cytokines and chemokines. MHV in- 
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fection of the CNS results in an orchestrated expression of che- 
mokine genes including IFN inducible protein of 10 kDa/CXCL10, 
monokine induced by IFN-y/CXCL9, CCL2, macrophage inflam- 
matory protein-1B/CCL4, CCLS5, and CCL7, suggesting an impor- 
tant role for these molecules in participating in leukocyte infiltra- 
tion (9). Indeed, recent studies from our laboratory have 
demonstrated that administration of neutralizing antisera specific 
for either CXCL10 or CXCL9 to MHV-infected mice resulted in 
increased mortality accompanied by decreased T lymphocyte in- 
filtration and IFN-y expression as well as delayed viral clearance 
from the brain (10, 11). In addition, anti-CCL5 treatment of MHV- 
infected mice resulted in reduced macrophage infiltration into the 
CNS that correlated with a significant decrease in the severity of 
demyelination (7). Collectively, these studies indicate an important 
role for chemokines in host defense and demyelination by attract- 
ing T lymphocytes and macrophages into the CNS. 

Chemokines activate leukocytes by binding to seven transmem- 
brane receptors coupled to G-proteins (for review, see Refs. 12 and 
13). Among the chemokines expressed within the CNS of MHV- 
infected mice are CCL2 and CCL7 (9). Previous studies have in- 
dicated that these chemokines are potent chemoattractants for T 
cells as well as macrophages, presumably through binding and 
signaling through CCR2 expressed on the surface of these cells 
(14-19). Based on experiments that have established that T cells 
and macrophages are important in both host defense and demyeli- 
nation, it would be of great interest to determine the functional 
contributions of CCR2 in these separate processes. To this end, we 
have infected CCR2~’~ mice with MHV and assessed the severity 
of disease. 


Materials and Methods 


Virus and mice 


MHV-4 (wild type) and MHV-V5A13.1 (containing a 142-aa deletion in 
the surface glycoprotein) were kindly provided by M. Buchmeier (The 
Scripps Research Institute, La Jolla, CA) (20). CCR2*’* mice (B6129F2/J, 
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obtained from The Jackson Laboratory, Bar Harbor, ME), CCR27/— 
(129B6F2-Cmkbr2'"'*"”), and recombination-activating gene (RAG)1 /~ 
mice (B6129S-Rag1'™!“°™, obtained from The Jackson Laboratory) were 
housed under specific pathogen-free conditions in enclosed filter-top cages 
(14). RAG1~/~ mice do not produce mature T or B lymphocytes (21). 
Age-matched (5—8 wk) mice were anesthetized by inhalation of methoxy- 
flurane (Pitman-Moore, Washington Crossing, NJ), followed by intracere- 
bral (i.c.) injection with 10 PFU of MHV-V5A13.1 suspended in 30 pl of 
sterile saline. Control (sham) animals were injected with sterile saline 
alone. Mice were sacrificed at scheduled time points, when one-half of 
each brain was used for plaque assay on the DBT astrocytoma cell line to 
determine viral burden, and the remaining halves were either fixed for 
histologic analysis, stored at —80°C for RNA isolation, homogenized in sterile 
PBS and stored at —20°C for ELISA, or used for FACS analysis (7, 22). 


RNase protection assay (RPA) 


Total RNA was extracted from brains of MHV-infected and sham animals 
using TRIzol reagent (Life Technologies, Rockville, MD) (9). Chemokine 
mRNA transcripts were determined using the mCK-5 multitemplate probe 
set (BD PharMingen, San Diego, CA). RPAs were performed with 15 pg 
total RNA using a previously described protocol (7, 9). For quantification 
of signal intensity, autoradiographs were scanned, and individual chemo- 
kine bands were normalized as the ratio of band intensity to the L32 control 
present in the probe set (7, 9). Analysis was performed using NIH Image 
1.61 software (9, 23, 24). 


Mononuclear cell isolation and flow cytometry 


Mononuclear cells were obtained from brains of mice as previously de- 
scribed (7). FITC-conjugated rat anti-mouse CD4 and CD8 Abs were used 
to detect infiltrating CD4* and CD8* T cells (GK1.5 and Ly-2, respec- 
tively, obtained from BD PharMingen). FITC-conjugated rat anti-mouse 
F4/80 (C1:A3-1, Serotec, Oxford, U.K.) was used to detect activated mac- 
rophage/microglial cells (7). An isotype-matched FITC Ab was used as a 
control. Cells were incubated with Abs for 30 min at 4°C, washed, fixed in 
1% paraformaldehyde, and analyzed on a FACStar (BD Biosciences, 
Mountain View, CA) (7). Data are presented as the percentage of positive 
cells within the gated population. 


Intracellular cytokine staining 


Intracellular cytokine staining was performed using a previously described 
procedure (8). In brief, CCR2*/* and CCR2~‘~ mice were infected ip. 
with 2 x 10° PFU of MHV-4. Splenocytes were isolated 8 days after 
infection, pooled together, and 1 x 10° total cells were stimulated with 
peptide corresponding to either the CD8 epitope in the surface glycoprotein 
spanning residues 510-518 (25, 26) or the CD4 epitope present in the 
membrane protein at residues 133-147 (27). After incubation for 6 h at 
37°C in medium containing GolgiStop (Cytofix/CytoPerm kit, BD PharM- 
ingen), cells were washed and blocked with PBS containing 10% FBS and 
a 1/200 dilution of CD16/32 (BD PharMingen). Cells were then stained for 
surface Ags with either FITC-conjugated CD4, CD8, or rat IgG-2b (as 
control) for 45 min at 4°C. Cells were fixed and permeabilized using the 
Cytofix/CytoPerm kit and stained for intracellular IFN-y using PE-conju- 
gated anti-IFN-y (1:50; XMG1.2, BD PharMingen) for 45 min at 4°C. 
Cells were analyzed on a FACStar (7). Data are presented as the percentage 
of positive cells within the gated population. The absolute numbers of 
Ag-specific CD4* or CD8* T lymphocytes was calculated by multiplying 
the fraction of dual-positive cells by the total number of cells obtained from 
the spleen. 


ELISA 


Brains were homogenized in | ml sterile PBS and centrifuged at 400 x g 
for 5 min at 4°C. The supernatants were collected and stored at —20°C. 
Protein levels of cytokines and chemokines in brain samples of MHV- 
infected and sham mice at days 6 and 7 postinfection (p.i.) were assessed 
using specific Quantikine M murine immunoassay kits (R&D Systems, 
Minneapolis, MN) according to the manufacturer’s specifications (7, 10). 


Adoptive transfer 


Splenocytes from CCR2*’* or CCR2~‘~ mice isolated 8 days p.i. (2 X 10° 
PFU MHV-4, i.p. injection) were adoptively transferred (5 = 10° cells 
suspended in 200 jl sterile HBSS) via injection into the retro-orbital sinus 
to RAGI~“~ or CCR2~/~ mice 3 days following i.c. infection with 10 PFU 
of MHV-V5A13.1 (8, 28). Mice were sacrificed 7 days p.i., and brains and 
spinal cords were removed. One-half of the brains was used for flow anal- 
ysis, and the remaining half was used to determine viral titers. Spinal cords 
were stained with luxol fast blue (LFB) to assess the severity of demyeli- 
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nation. Control animals included MHV-infected (i.c.), RAGI~’~, and 
CCR2~‘~ mice receiving sterile HBSS. 


Histology 


Spinal cords were fixed by immersion overnight in 10% normal buffered 
formalin, after which the tissues were embedded in paraffin. The severity 
of demyelination was scored on slides stained with LFB. Slides were coded 
and read blindly by three investigators. Scoring was as follows: 0, no 
demyelination; 1, mild inflammation accompanied by loss of myelin in- 
tegrity; 2, moderate inflammation with increasing myelin damage; 3, nu- 
merous inflammatory lesions accompanied by significant increase in my- 
elin stripping; and 4, intense areas of inflammation accompanied by 
numerous phagocytic cells engulfing myelin debris (7, 24). Scores are pre- 
sented as mean + SEM. 


Statistical analysis 


Statistically significant differences between groups of mice were deter- 
mined by f test using Sigma-Stat 2.0 software, (Jandel, San Rafael, CA), 
and p values of =0.05 were considered signficant. 


Results 
MHV-infection of CCR2-’~ mice 


Intracranial infection of CCR2~’~ mice with 10 PFU of MHV- 
V5A13.1 resulted in a dramatic acceleration in mortality as com- 
pared with CCR2*’* mice (Fig. 1). As early as day 5 pi. 
CCR2~/~ mice began to succumb to infection, and by day 10 p.i., 
100% of CCR2~’~ mice died. In marked contrast are the results of 
MHV infection of CCR2*’* mice, of which 100% survived. The 
increased mortality in CCR2~‘~ mice correlated with enhanced 
viral recovery from the brains at days 3 (5.5 + 0.1 PFU/g, n = 4) 
and 6 p.i. (6.3 = 0.2 PFU/g, n = 8 and p = 0.02) when compared 
with titers present in the brains of infected CCR2*/* mice (day 3, 
5.3 + 0.1 PFU/g, n = 3; day 6, 5.4 + 0.4 PFU/g, n = 6) (Table I). 


Reduced T cell and microglia/macrophage infiltration into the 
CNS of MHV-infected CCR2°’~ mice 

Both CD4* and CD8* T cells are important in clearance of MHV 
from the CNS (4-7). Therefore, one potential explanation for the 
acceleration in mortality and increase in viral titers within the 
brains obtained from MHV-infected CCR2~‘~ mice is a reduction 
in T lymphocyte infiltration into the CNS following viral infection. 
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FIGURE 1. Increased mortality in MHV-infected CCR2~/~ mice. Mice 
were infected with 10 PFU of MHV-V5A13.1, and survival was recorded. 
Infected CCR2~/~ mice displayed a marked increase in mortality as com- 
pared with CCR2*/* mice such that, by day 10 p.i., 100% of CCR27/~ 
died, whereas all CCR2*/* mice survived until day 12 p.i. Results pre- 
sented are from six separate experiments with a total of 19 CCR2*/* mice 
and 28 CCR2~/~ mice. 
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Table I. Viral burden after i.c. infection with MHV* 


Days Brain Titer 

Mouse p.i. Log (PFU/g) n 
CCR2*/*+ 3 5.3'+:01 3 
6 54+ 04 6 
12 3.5 + 0.2 7 
CCR2°/~ 3 5.5+0.1 4 
6 6.3 + 0.2” 8 

12 ND 


“Results presented are from three separate experiments. 
» p < 0.02 as compared to CCR2*/* mice at day 6 p.i. 


Immunophenotyping of mononuclear cell infiltrates into the CNS 
by flow cytometric analysis revealed no differences in leukocyte 
infiltration between the two populations of mice at day 2 p.i. (Ta- 
ble II). However, by day 4 p.i.. CCR2~’~ mice exhibited a 45 and 
55% reduction in CD4* and CD8* T lymphocyte infiltration, re- 
spectively, as compared with CD4* and CD8~* T lymphocyte lev- 
els present within the CNS of CCR2*’* mice. During acute dis- 
ease (days 6 and 7 p.i.), there was a significant reduction (p = 
0.04) in CD4* T lymphocyte entry into the CNS of CCR2~/~ 
mice (5.7% + 1.6%, n = 6) when compared with levels present in 
CCR2*’* mice (14.6% + 2.5%, n = 6). In addition, analysis of 
CD8* T lymphocyte infiltration at this time revealed an ~45% 
decrease in CCR2~’~ mice (8.3% + 2.1%, n = 6) as compared 
with CCR2*’* mice (15.1% + 2.2%, n = 6). Macrophage/micro- 
glial staining (determined by F4/80 Ag expression) was signifi- 
cantly decreased (p < 0.004) in CCR2~/~ mice (9.5% + 2.2%, 
n = 3) in comparison to CCR2*/* mice (26.6% + 2.0%, n = 3) 
during acute disease (Table II). Although levels of F4/80* cells 
were lower in sham-infected CCR2~‘~ mice as compared with 
sham-infected CCR2*’* mice, this difference was not significant 
(Table II). Therefore, it is unlikely that reduced numbers of resi- 
dent microglia are present within the CNS of CCR2~/~ mice and 
that this accounts for the clinical disease phenotype. 


Diminished Th1 response in the CNS of MHV-infected CCR2-’— 
mice 

Chemokine mRNA transcripts were analyzed in MHV-infected 
CCR2~‘~ and CCR2*’* mice at days 2, 4, and 6 p.i. by RPA, and 
the data are presented in Fig. 2. Both CCR2*’* and CCR27/~ 
mice exhibited a similar chemokine profile at all time points tested. 
Semiquantitative analysis of chemokine mRNA signal intensity 
was performed by densitometric scanning of the autoradiographs. 
These results indicated that both strains of mice expressed similar 
levels of chemokine transcripts following infection with virus (Fig. 
2, A and B). The only differences detected were at day 6 p.i., in 
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FIGURE 2. RPA analysis showing kinetics of chemokine expression 
within the brain following MHV infection. Total RNA was isolated from 
the brains of mice at the indicated time point. No signal for any chemokine 
tested was detected in sham mice. Shown are densitometric analysis of 
chemokine transcripts from CCR2*’* mice (A) and CCR2~/~ mice (B) 
performed on the scanned autoradiographs using NIH Image 1.61 software. 
MHV-infected CCR2~’~ mice exhibited significantly decreased transcript 
levels for CCL5 (*, p = 0.02) and CCL4 (##*, p <= 0.002) at day 6 p.i. as 
compared with infected CCR2*/* mice. MHV-infected mice: CCR2*’*: 
day 2, n = 3; day 4, = 4; day 6, n = 3; CCR2~/~ mice: day 2,n = 2; 
day 4, n = 2; day 6, n = 4. Sham for both strains, n = 2. Results are 
presented as mean + SEM and represent two separate experiments. 


which CCR2~‘~ mice displayed reduced levels of CCLS (p = 
0.02) and CCL4 (p = 0.002) transcripts in the brains of CCR2~/~ 
mice as compared with transcript levels present in CCR2*/* mice. 
Analysis of chemokine and cytokine protein expression within the 
CNS of mice during acute disease (days 6 and 7 p.i.) indicated 
>80% decrease (p <= 0.002) in CCL5 within CCR2~’~ mice 
(155 + 36 pg/ml, n = 5) as compared with CCR2*’* mice (836 + 
159 pg/ml, n = 5) (Table II). Furthermore, there was an ~10-fold 
reduction in IFN-y (p = 0.001) within the CNS of CCR2-/~ mice 
(3.8 + 0.8 pg/ml, n = 10) as compared with CCR2*’* mice 


Table I. Reduced leukocyte entry into the CNS of MHV-infected CCR2~’~ mice* 


Mouse MHV Days p.i. n cbD4* CD8* F4/80* 
CCR2*/* + 2 3 2.9 + 1.6 1.7+02 10.1 + 1.2 
CCR27/- + 2 3 12+0.1 1.0+0.5 5.5416 
CCR2*/* + 4 3 10.6 + 2.5 6.0 + 1.6 19.1 + 3.3 
CCR27/— + 4 3 8+ 1.6 2.7+0.8 6141.1 
CCR2*/* + 6 and 7? 6 14.6 + 2.5 15.1 + 3.0 26.6 + 2.0° 
CCR27/— + 6 and 7 6 5.7 + 1.6" 8.3421 9542.2" 
CCR2*/* - - 4 1.41 +0.71 0.24 + 0.22 9.03 + 1.58 
CCR27/— = - 4 0.1+0.2 0.37 + 0.24 4.01 + 1.64 


“ Results represent three separate experiments. Data are presented as percentage of infiltration and represent mean + SEM. 
» Analysis of T lymphocyte infiltration was performed at both 6 and 7 days p.i. 


©“n = 3 for F4/80 determination. 
*, p = 0.04. 
%, p <= 0.004. 
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Table IN. Chemokine and cytokine protein expression in the CNS during acute disease“ 


Mice MHV IFN-y IL-4 IL-5 CCL5 CCL2 
CCR2*/+ 45 39.4 + 7.2 (8°) <1 (5) <1(5) 836 + 159 (5) 5140 + 475 (5) 
CCR2*/+ - <1 (3) <1 (3) <1(2) ND° ND 
CCRI== + 3.8 + 0.8 (10)# 3.8 + 3.8 (5) <1(5) 155 + 36 (5)#* 5656 + 193 (5) 
CCR2~/- = <1 (2) <1 (2) <1 (2) ND ND 


“ Results represent three separate experiments. All data are presented as mean + SEM (picograms per milliliter). 


> Number of mice. 

© Not done. 

*, p < 0.001 as compared to level present in CCR2*/* mice. 
x, p = 0.002 as compared to level present in CCR2*/* mice. 


(39.4 + 7.2 pg/ml, n = 8) (Table III). No differences in levels of 
CCL2 were detected between the two strains of mice, suggesting 
that the absence of CCR2 did not alter production of the CCL2 
ligand (Table III). To determine whether decreased production of 
the Thl-associated factors IFN-y and CCL5 correlated with in- 
creased levels of Th2 cytokines, CNS levels of IL-4 and IL-5 were 
determined. As shown in Table II, there were no differences in 
CNS levels of any of these cytokines between the two strains of 
mice, suggesting that a Th2 response does not predominate within 
the CNS in the absence of a robust Th1 response. 


CCR2-deficient T cells and macrophage/microglia exhibit 
impaired trafficking into the CNS following adoptive transfer 


The experimental results presented above suggest that leukocyte 
trafficking into the CNS is impaired in mice lacking CCR2. How- 
ever, in an attempt to more thoroughly characterize the contribu- 
tions of CCR2 in contributing to neuroinflammation following 
MHV infection of the CNS, a series of adoptive transfer experi- 
ments were performed. Immune splenocytes were obtained from 
CCR2*’* mice and transferred iv. to either RAGI~’~ or 
CCR2~’~ mice at 3 days after i.c. infection with MHV. Transfer 
of immune splenocytes from CCR2*’* mice to MHV-infected 
RAGI~‘~ mice resulted in T cell infiltration into the CNS that 
correlated with a reduction in brain viral titers as compared with 
MHV-infected RAGI~‘~ mice receiving only HBSS (Table IV). 
Surprisingly, transfer of immune CCR2*’* splenocytes did not 
protect CCR2~’~ mice from MHV-induced disease, as all recipi- 
ent mice (n = 6) died by day 6 p.i. Furthermore, adoptive transfer 
of splenocytes obtained from immunized CCR2~‘~ mice into 
RAG1~‘~ mice resulted in ~2- and 1.3-fold reductions in num- 
bers of CD4* T cells (p = 0.05) and CD8™ T cells, respectively, 
within the CNS, which correlated with increased titers of virus 
(p = 0.007) as compared with RAGI ~/~ mice receiving immune 


CCR2*’* splenocytes (Table IV). In addition, macrophage/micro- 
glia infiltration into the CNS was reduced ~2-fold (p = 0.05) in 
RAGI ‘recipients of CCR2~‘~ splenocytes (Table IV). Collec- 
tively, these data suggest that expression of CCR2 by both host and 
donor cells is important in allowing cells to migrate to the CNS 
and contribute to viral clearance. 


CCR2 expression accelerates demyelination 


Both T cells and macrophages have been shown to be important in 
contributing to demyelination in MHV-infected mice (7, 8, 28, 29). 
To determine whether reduced macrophage entry into the CNS of 
RAGI~‘~ recipients of CCR2~’~ splenocytes correlated with a 
reduction in the severity of demyelination, spinal cords were 
stained with LFB, and myelin damage was evaluated. As shown in 
Fig. 3, there is a marked reduction in inflammatory foci accom- 
panied by limited myelin stripping in RAG1~‘~ mice receiving 
CCR2~/~ splenocytes as compared with spinal cords obtained 
from RAGI~‘~ mice injected with CCR2*’* splenocytes. Quan- 
titative analysis revealed a reduction (p = 0.001) in the severity of 
demyelination in CCR2~‘~ recipients (0.7 + 0.1, n = 6) as com- 
pared with CCR2*’* recipients (1.9 + 0.1, n = 7) (Table IV). 
Control mice showed limited myelin stripping and inflammation 
(0.6 = 0.2, n = 6) (Table IV). 


CCR2 expression and T cell response to virus 


In addition to trafficking, CCR2 may also contribute to the devel- 
opment of an effective T cell response following MHV infection. 
Previous studies have determined that the immunodominant CD8* 
T cell epitope is located in the surface glycoprotein at residues 
510-518 (25, 26). Xue et al. (27) have mapped a CD4* T cell 
epitope to the membrane protein located at residues 133-147. 
Splenocytes from immunized CCR2*/* and CCR2~/~ mice were 
stimulated in vitro with either the CD4 or CD8 viral epitopes, and 


Table IV. Analysis of leukocyte infiltration, viral titers, and demyelination in the CNS of MHV-infected-RAGI~’— mice at day 4 following adoptive 


transfer of splenocytes“ 


Infiltration into CNS 


Viral Titer 


Mouse MHV Received No. of CD4* cells No. of CD8* cells No. of F4/80* cells Log (PFU/g) DM? n 
RAGI /~ +b CCR2*/* 2.9 x 10° + 12x 10° + 1.2 X 10° + 5440.1 19+0.1 7 
splenocytes 5.4 x 10* 6.7 X 10* 2.4 x 10° 
RAGI-/— + CCR27/— 1.5 x 10° + 9.0 x 104 + 5.6 X 10° + 6.0 + 0.1° 0.7 +0. 6 
splenocytes 1.8 x 10% 2.3 x 10* 6.2 x 10% 
RAGI/~ + HBSS BD* BD 1.9 xX 10° + 9:8: 20,1 0.6 + 0.2/ 6 
5.3 x 10°¢ 


“Results are from of two separate experiments. All data are presented as mean + SEM. 
» Demyelination scores were assigned on a scale from 0 to 4 as described in Materials and Methods. 


© Below level of detection. 

4p < 0.05 as compared to recipients of wild-type splenocytes. 

° p = 0.007 as compared to recipients of wild-type splenocytes. 
/'p < 0.001 as compared to recipients of wild-type splenocytes. 
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FIGURE 3. Demyelination is reduced in CCR2~/~ mice. LFB staining was performed on spinal cords of MHV-infected RAGI ‘~ mice receiving 
splenocytes that were adoptively transferred from either immunized CCR2*’* or CCR2~/~ mice. Increased inflammation and demyelination are observed 
in the white matter tract of RAGI~‘~ mice receiving CCR2*’* splenocytes as compared with recipients of CCR2~‘~ splenocytes. Representative spinal 
cord sections from RAG1~‘~ mice that have received CCR2*’* splenocytes (A), RAGI~‘~ mice that have received CCR2~/~ splenocytes (B), or RAG] /~ 
mice that have received HBSS only (C). Wm, white matter; gm, gray matter. Magnification, x 100; insert, X400. 


intracellular staining for IFN-y was performed. Such analysis re- 
vealed an ~6-fold reduction (p < 0.05) in the number of CD8* T 
cells responding to the surface 510-518 epitope in CCR2~‘~ mice 
(7.9 X 10* + 5.1 X 10* cells) as compared with CCR2*’* mice 
(4.6 X 10° + 7.5 X 10* cells) (Fig. 4, A and B). In addition, there 
was an ~2.5-fold reduction (p = 0.05) in numbers of CD4* T 
cells responding to the membrane 133-147 epitope in CCR2~/— 
mice (4.7 xX 10* + 2.0 x 10* cells) when compared with 
CCR2*/* mice (1.2 X 10° + 2.0 X 10*) (Fig. 4, C and D). 


Discussion 

CCR2 is the primary receptor for CCL2 and is found on mono- 
cytes, activated T cells, B cells, and NK cells (30-33). Recent 
studies have indicated that CCR2~’~ mice display deficiencies in 
T lymphocyte and macrophage trafficking in response to stimuli or 
infection (14, 34-36). Previous studies have also demonstrated 
that CCL2 can activate T lymphocytes and macrophages, presum- 
ably through binding to CCR2 expressed on the surface of these 
cells (15-17, 37). Indeed, leukocyte populations from CCR2-de- 
ficient mice do not bind CCL2 and exhibit defects in activation and 
recruitment to sites of inflammation (14, 18, 19). Infection of 
CCR2-deficient mice with various microbial pathogens has in- 
creased our understanding of how this receptor contributes to im- 
munological events involved with host protection. For example, 
CCR2-deficient mice infected in the lungs with Cryptococcus neo- 
formans or in the skin with Leishmania major exhibit a diminished 
protective Thl response accompanied by a switch to a strong Th2 
response (35, 38). This switch in Th responses correlates with 
prolonged infection and greater dissemination of the infecting 
agent throughout the body. Thus, CCR2 is required for the devel- 
opment of a protective Thl response in both the lungs and skin. 
Analysis of CCR2-deficient mice infected with L. donovani or im- 
munized with Schistosomal Ag revealed an impaired cellular im- 
mune response characterized by reduced T lymphocyte and mac- 
rophage recruitment to sites of Ag localization as well as decreased 
expression of IFN-y (36, 39). Collectively, these studies strongly 
suggest that CCR2 expression is required for the development of 
protective Th1 responses following microbial challenge. 

In the present study, we provide evidence that supports and ex- 
tends these previous observations. The major finding presented in 
this report is that CCR2 signaling is important in regulating events 
contributing to a protective immune response following MHV in- 
fection of the CNS. These data are consistent with a recent report 
by Dawson et al. (34) that demonstrated enhanced recovery of 
influenza A virus from the lungs of infected CCR2~‘~ mice as 
compared with wild-type mice, which correlated with a delayed T 


cell response to virus. Our results indicate that mice lacking CCR2 
exhibited accelerated mortality accompanied by enhanced recov- 
ery of MHV from the brain. Although the reasons contributing to 
death in MHV-infected CCR2~/~ mice are unknown, underlying 
factors include the dramatic reduction in numbers of CD4* and 
CD8* T cells infiltrating into the CNS. Numerous studies have 
documented the importance of both populations of cells in con- 
trolling viral replication within the CNS and protecting mice from 
death (4-7). Moreover, the dramatic decrease in IFN-y expression 
within the brains of infected CCR2~/~ mice may also contribute to 
the increased viral burden, as this cytokine has been shown to 
contribute to clearance of MHV from the brain (40). Collectively, 
these results indicate that CCR2~’~ mice are not able to mount a 
protective Thl response characterized by T cell infiltration and 
IFN-y production, and this may contribute to viral spread within 
the brain and enhanced mortality. 

Interestingly, the brains of infected CCR2-deficient mice did not 
show increased levels of Th2 cytokines, and expression of the 
Th2-associated chemokine receptors CCR3 and CCR4 was unde- 
tectable (data not shown). The absence of a strong shift from a Th] 
to a Th2 response in the MHV-infected CCR2-deficient mice 
stands in sharp contrast to results from the earlier infection studies 
with C. neoformans, L. major, and L. donovani (35, 38, 39). To- 
gether, these data are consistent with the hypothesis that there are 
organ-specific and/or pathogen-specific differences in immune re- 
sponses and that the response in the CNS differs markedly with the 
response generated in the lungs and skin. It is likely that differen- 
tial expression of soluble factors underlies the development of a 
Th2 response in the lungs and skin in the absence of CCR2. There 
is compelling evidence, including information from CCL2-defi- 
cient mice, that CCL2 itself is critical for the development of Th2 
responses (41—43), an idea that appears at odds with the strong 
Th2 responses exhibited by mice lacking the CCR2 receptor for 
CCL2 (35, 38). The fact that high exogenous amounts of CCL2 
show biological activity in CCR2-deficient mice suggests that 
there might be another receptor for CCL2 (14) and that the Th2- 
inducing effects are mediated by this receptor. Although others 
have also suggested the possibility of a second, functional CCL2 
receptor (44, 45), such a CCL2 receptor has not been unambigu- 
ously identified thus far. An alternative hypothesis follows from 
the observation that significant accumulation of CCL2 occurs in 
CCR2-deficient mice after infection or immunization (35, 46). Un- 
naturally high levels of CCL2 that build up in the absence of CCR2 
might allow promiscuous binding to one or more other chemokine 
receptors, a situation that would not occur in wild-type mice or in 
CCL2-deficient mice. The fact that we did not find a difference in 


SIOZ ‘Pp Youre] UO URSTYSIPY JO AVIsIOATUL Je /S1O'founWIUIT MM M//:dyYy WoI poprojuMog 


4590 
A 
$510-518 
x CCR2* MHV e ccR2“ Sham 
S ee Q we aaa 
. 0.46 (1.58) ba: ety ae 
2, 
is 
a 
7 “ 
ZI 2 
; 
i % 
g 40° 10! 10° 108 104 
ka ccR2** MHV + CCR2"* Sham 
<s a : 
a ° 2 4.15 (9.74) = 
2 ® 
Xe % 
= % 
Se % 
“so? ot 230 s0# 1° to's t08 
CD8-FITC 
° M133-147 
<. CCR2° MHV 
‘2 
a 9.19 (1.03) 0.97 
2 
ge 
fet) 
=I 
2 CCR2** MHV 
; 
Be 0.51 (2,65) 
reo 
18.50 
ser air anaes 
CD4-FITC 


CCR2 AND VIRAL-INDUCED DEMYELINATION 


eocnes 


So000g 7 


Number of CD8 cells expressing EN-y 
«@ 
s 
3 
3 


CCR sham CCR2-2 MEV CORI+H+ sham CORI+4+ MEV 


160000 ~ 
146000 4 
320000 4 
100000 4 
30000 4 


60000 
7 


Number of CD4 celis expressing FN-y 


£0000 4 


20000 4 I 


t 
sham CCR2-} MHYV CCR sham = CCRI4+ MHV 


FIGURE 4. Analysis of MHV-specific T cells. Lymphocytes were harvested from spleens at 8 days after immunization with MHV, and the CD4 and 
CD8 response to virus was determined. Cells were stained for either CD8 or CD4, and IFN-y expression was evaluated following stimulation with the CD8 
epitope surface 510-518 (S510—518) (A) or the CD4 epitope membrane 133-147 (M133-147) (C). The percentage of dual-positive cells in infected mice 
is indicated in the parentheses in the upper-right quadrants of A and C. Total numbers of dual-positive CD8* T cells responding to the surface 510-518 
epitope membrane are shown in B. Similarly, total numbers of dual-positive CD4* T cells responding to the membrane 133-147 epitope are shown in D. 
Total numbers of cells were determined as described in Materials and Methods and represent the results of pooled splenocytes from two separate 


experiments with a minimum of three mice per experiment (*, p = 0.05). 


CCL2 levels in the MHV-infected CNS of wild-type mice or 
CCR2-deficient mice may account for the lack of a switch to a Th2 
response in the knockout animals (Table III). 

The defining role of chemokines and their receptors is leukocyte 
activation and trafficking to areas of infection and injury. In sup- 
port of this is the demonstration of the dramatic reduction in T cell 
and macrophage/microglia infiltration into the CNS of CCR2-/~ 
mice following i.c. infection with MHV, indicating that CCR2 is 
important in allowing migration of leukocytes into the CNS fol- 
lowing infection. Adoptive transfer experiments confirmed these 
observations. Transfer of splenocytes obtained from MHV-in- 
fected CCR2~’~ mice into MHV-infected RAG1 ‘~ animals re- 


vealed a diminished ability of T cells to enter the brain and elim- 
inate virus (Table IV). Surprisingly, similar results were obtained 
following adoptive transfer of immune splenocytes from CCR2*/* 
mice into MHV-infected CCR2~’~ mice, as all recipient mice died 
by day 6 p.i., presumably due to an inability of T cells to enter the 
brain and participate in viral clearance because these mice exhib- 
ited similar mortality as CCR2’~ mice that did not receive donor 
splenocytes. Although these data indicate that CCR2 expression on 
cells present in both donor and recipient mice is important in T cell 
trafficking, these results also suggest that CCR2 may be important 
in the development of an effective T cell response following MHV 
infection. In support of this possibility is the demonstration of a 
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pronounced decrease in the numbers of CD4* and CD8* T cells 
responding to defined viral epitopes, as determined by intracellular 
staining for IFN-y (Fig. 4). These results support and extend ear- 
lier studies that implied that CCR2-dependent production of IFN-y 
by T cells is important in host defense following infection with C. 
neoformans (35) or L. donovani (39). Moreover, Izikson et al. (47) 
reported that T cells from CCR2~‘~ immunized mice showed de- 
creased Ag-induced proliferation and IFN-y production compared 
with wild-type mice in the experimental autoimmune encephalo- 
myelitis (EAE) model following challenge with myelin oligoden- 
drocyte glycoprotein (MOG). Whether the reduction in Ag-specific 
T cells present within the spleens of MHV-infected CCR2~/~ 
mice is the result of impaired CCR2 signaling by T cells or the 
result of impaired trafficking of APCs, as has recently been re- 
ported, is unknown at this time (39, 48). 

In addition to CCR2, two other CC chemokine receptors, CCR1 
and CCRS5, have been shown to regulate the gateway for inflam- 
matory cell entry into the CNS. CCR1-deficient mice have reduced 
CNS inflammatory responses in the MOG-induced EAE model 
(49), and CCR5-deficient mice have negligible inflammation after 
disseminated C. neoformans infection of the CNS (50). Although 
it may be assumed that the absence of CCR1, CCR2, or CCR5 
from leukocytes is responsible for these phenotypic changes, a 
recent report by Andjelkovic and Pachter (51) suggests that the 
expression of CCR1, CCR2, and CCR5 on brain microvessels 
might also have a role in allowing leukocytes to traverse the blood- 
brain barrier. This idea is supported by the fact that adoptive trans- 
fer of immune splenocytes obtained from CCR2*’* mice failed to 
protect MHV-infected CCR2~/~ mice from death, suggesting that 
leukocytes were not able to enter the brain. It will be interesting to 
determine the relative roles of these chemokine receptors on leu- 
kocytes and on the brain microvascular endothelium in mediating 
inflammatory responses in the CNS. 

Our present results with intracranial injection of MHV into 
CCR2-deficient mice are consistent with the recent demonstration 
that CCR2 is critical for CNS inflammatory responses induced by 
s.c. immunization with MOG in a model of EAE (47, 52). CCR2- 
deficient mice were strongly protected against disease induction, 
and the animals demonstrated little evidence of CNS inflammation. 
Moreover, Fife et al. (52) have correlated the reduction in disease 
severity with reduced macrophage entry into the CNS. These data 
are consistent with the data presented in this study showing that 
CCR2 is important in macrophage trafficking into the CNS of 
MHV-infected mice and contributing to demyelination (Fig. 3 and 
Table IV) (47, 52). The data from these two very different models 
demonstrate that CCR2 is important in regulating CNS inflamma- 
tion. It also appears that CCR2 is important for inflammatory cell 
invasion of the peripheral nervous system in a mouse model of 
Wallerian degeneration (53). In addition to CCR2, recent studies 
from our laboratory have documented the importance of CCR5 in 
contributing to macrophage infiltration into the CNS and demy- 
elination in MHV-infected mice (54). Therefore, macrophage/mi- 
croglia expression of both CCR2 and CCRS is important in allow- 
ing macrophage/microglia to migrate to white matter tracts and 
participate in myelin destruction. We have detected reduced ex- 
pression of chemokine receptor transcripts including CCR5 within 
the brains of CCR2~‘~ mice following infection with MHV (data 
not shown), suggesting that receptor cross-talk signaling may be 
necessary for optimal expression of chemokine receptors. 

In addition to CCL2, other chemokines contribute to host de- 
fense following MHV infection of the CNS. Neutralization of the 
T cell chemoattractant CKCL9 or CXCL10 by administration of 
specific antisera to MHV-infected mice resulted in reduced T lym- 
phocyte infiltration of the CNS, a dramatic reduction in IFN-y 
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expression, and consequently, an increased viral burden within the 
CNS accompanied by increased mortality (10, 11). The data pre- 
sented here extend this work and demonstrate unambiguously that 
CCR2 is crucial for the development of an effective host response 
against MHV infection of the CNS. These data further illustrate the 
complexity of chemokine and chemokine receptor interactions and 
expression patterns as they relate to host defense mechanisms fol- 
lowing viral challenge of the CNS. More importantly, it is clear 
that these proinflammatory molecules exert nonredundant roles in 
generating a protective Thl response against MHV infection of 
the CNS. 
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